INTRODUCTION
α-Mannosidosis is a rare lysosomal storage disease with autosomal recessive inheritance. It has been shown to cause a collection of clinical symptoms characteristic of lysosomal storage diseases: progressive mental retardation, impaired hearing, dysostosis multiplex, immune defects, elevation of serum and urinary oligosaccharide levels and an enlargement of lysosomes in most cell types resulting from the accumulation of undegraded oligosaccharides (1) (2) (3) . Other findings are lens opacities, muscular hypotonia, macroglossia, prognathism, vacuolated lymphocytes and pancytopenia.
α-Mannosidosis is caused by a deficiency of lysosomal α-mannosidase (LAMAN; EC 3.2.1.24). α-Mannosidase is an exoglycosidase which cleaves α-linked mannose residues from the non-reducing end during the ordered degradation of N-linked glycoproteins (4) . It catalyses the hydrolysis of α1,2-, α1,3-and α1,6-mannoside linkages present in complex, hybrid and highmannose asparagine-linked glycans (5) . In human and mouse tissues, α-D-mannosidase activity can be separated by DEAEcellulose chromatography into two major isoenzymes, A and B, with similar pH optima (pH 4.5), thermal stabilities, molecular masses (6) and broad specificities towards natural and synthetic substrates (7) . Both in human and mouse, lysosomal α-mannosidase is encoded by a single gene (8, 9) . The cDNA of human (8) (9) (10) and mouse (6, 7) and the gene of mouse α-mannosidase (11) have been isolated and characterized.
A deficiency of the enzyme causes intralysosomal accumulation of mainly unbranched oligosaccharides of which the major storage product is the trisaccharide Manα1-3Manβ1-4GlcNAc (1, 2, (12) (13) . The clinical severity of α-mannosidosis ranges in a continuum from mildly affected to severely affected patients, and heterogeneity has been observed between affected siblings (14) . Multiple mutations in the α-mannosidase genes of α-mannosidosis patients and naturally occurring animal models have been detected documenting the heterogeneity of the disease also at the molecular level (10, (15) (16) (17) (18) . There is no apparent correlation between the types of mutation and the clinical manifestations. Environmental and epigenic factors may contribute to the clinical variation observed in α-mannosidosis (16) .
There is no effective therapy for α-mannosidosis. Bone marrow transplantations (BMTs) have been performed in α-mannosidosis with varying outcomes. Since HLA-matched donors are not available for the majority of α-mannosidosis patients, BMT is still associated with high mortality rates (19) . Remarkable success has been obtained with feline α-mannosidosis, a naturally occurring animal model (20) , where BMT has led to replacement of α-mannosidase activity in cells of the central nervous system (21) . Enzyme replacement (22) and somatic gene therapy (23) have promising prospects for therapy of lysosomal storage diseases, but suitable animal models are required for their evaluation. Although cat (20) and cattle (24) strains with α-mannosidase deficiencies have been described, they are not as appropriate for testing the pathophysiology of the disease and a variety of therapeutic strategies as a murine model. Here we report the generation of an α-mannosidosis mouse model by disrupting the α-mannosidase gene using homologous recombination.
RESULTS

Generation of α α α α-mannosidase-deficient mice
A gene targeting vector was constructed to disrupt the α-mannosidase mouse gene (Fig. 1A, I -III). A homologous recombined embryonic stem (ES) cell clone (EαM-28; Fig. 1B ) was used to generate chimeras which transmitted the introduced mutation to their offspring ( Fig. 1C and D) . All mice used for experiments were derived from ES cell clone EαM-28. Outbred mice (129SV×C57B6J) were used for phenotypic characterization. Northern blotting ( Fig. 2A) and RT-PCR (data not shown) demonstrated a complete absence of α-mannosidase RNA in homozygous α-mannosidase-deficient mice. Lysosomal α-mannosidase enzyme activity was not detectable, when measured at pH 4.5, in brain, liver and kidney from α-mannosidase -/-mice, whereas it was readily detectable in the respective homogenates from wild-type mice. No significant differences were observed between the genotypes when α-mannosidase activity was measured at pH 6.0 (Fig. 2B ). This pH corresponds to the pH optimum of non-lysosomal mannosidases residing in the endoplasmic reticulum, Golgi and cytosol (1). Our observation confirms that the mannosidase activities at pH 4.5 and 6.0 arise from different gene products. Northern blot analysis and determination of lysosomal α-mannosidase activity showed that the α-mannosidase gene has been inactivated and that homozygous mutant mice are devoid of lysosomal α-mannosidase enzyme activity. Ion-exchange chromatography of kidney homogenates of α-mannosidasedeficient and control mice demonstrated that both isoforms of the enzyme had been inactivated, verifying that they are encoded by a single gene (Fig. 2C ). Heterozygotes exhibit a normal phenotype and fertility (data not shown). Genotyping of 95 offspring from heterozygote crosses (Fig. 1D ) revealed a frequency of 23.2% for homozygous and 48.5% for heterozygous mutant mice, which are in accordance with the expected Mendelian frequencies.
Urinary excretion of oligosaccharides in
Homozygous mutant, heterozygous and wild-type mice resulting from heterozygote crosses did not exhibit differences in growth and weight development (data not shown). α-Mannosidase-deficient animals were fertile, did not show an elevated mortality nor obvious altered behaviour, and lacked phenotypic changes on inspection or autopsy up to the age of 10 months. Regular radiological examinations and determination of clinical blood and serum parameters did not reveal abnormalities (data not shown).
Urine collected from control, heterozygote and α-mannosidasedeficient mice was subjected to thin-layer chromatography. Homozygous α-mannosidase-deficient mice demonstrated a chromatographic oligosaccharide pattern, which compared well with a sample from a human α-mannosidosis patient. Consistent with the findings from healthy human controls, mannose-containing oligosaccharides were not detectable in the urine of heterozygote or wild-type mice (Fig. 3A) .
Storage of neutral oligosaccharides in tissues
In homogenates from kidney, spleen, brain and testis of α-mannosidase-deficient mice, an increased amount of neutral sugars was found. The increase was most pronounced in kidney, spleen, brain and testis, whereas in liver tissue only a moderate increase in the content of neutral sugars was observed (Table 1) . Thin-layer chromatography revealed the presence of excessive amounts of neutral oligosaccharides in α-mannosidase-deficient spleen, kidney, liver (Fig. 3B ), testis and brain (data not shown). These oligosaccharides were susceptible to digestion with jack bean α-mannosidase (Fig. 3B , shown for brain).
Morphological findings
In order to evaluate lysosomal storage, control and α-mannosidase-deficient animals were analysed morphologically at the ages of 2 and 6 months. Macroscopic examination of visceral organs of homozygous α-mannosidase-deficient mice revealed Determination of lysosomal α-mannosidase activity at pH 4.5 and of endoplasmic reticulum and Golgi α-mannosidase at pH 6.0. The results are shown for brain, liver and kidney of wild-type and α-mannosidase -/-mice. No α-mannosidase was observed at pH 4.5 in α-mannosidase -/-mice. As a control, β-mannosidase activities were included. (C) Separation of α-mannosidase isoenzymes from kidney homogenates from control (closed circles) and α-mannosidase -/-mice (open circles) by DEAE ion-exchange chromatography. Unretained protein was eluted with the column buffer and a linear gradient of NaCl (0-0.5 M) was applied. Fractions were assayed for activity at pH 4.5. Note that no isoenzyme activities could be observed in α-mannosidase -/-kidney. (25) and Lens culinaris (26) lectins specific for terminal α-D-mannosyl residues, a clearly increased staining was demonstrated in liver sections from α-mannosidase-deficient mice (Fig. 4B , shown for L.culinaris), whereas the staining intensity in control sections was low (Fig. 4A) .
Ultrastructural analysis of α-mannosidase-deficient liver revealed the accumulation of clear vacuoles in hepatocytes (Fig. 4C) , Kupffer cells and sinus endothelial cells (Fig. 4D) . Despite the lack of immediate radiological abnormalities and alterations of overall bone histological architecture, lysosomal storage could also be identified easily in osteocytes and endosteal cells of several bones (Fig. 4E) . Clear vacuoles were also observed in epithelial cells of the proximal and distal tubules of the kidney of α-mannosidase-deficient mice (Fig. 4F) . Additionally, a prominent vacuolization was observed in the acinar cells of the exocrine pancreas (Fig. 4H ), whereas such alterations were not observed in cells of controls (Fig. 4G) . Lysosomal storage was seen in spleen, most conspicuously in sinus endothelia, reticulum cells, macrophages and trabecular fibroblasts of the red pulpa. In lymphocytes, only single small vacuoles were found (data not shown). In the eye, storage was observed in retinal photoreceptors, ciliary epithelium and smooth muscle, corneal stroma cells and endothelium (data not shown). The cytoplasmic vacuoles in the null mutant tissues were membrane-limited and appeared either totally empty or contained some fine granular material, thus closely resembling the histopathological finding described in tissues of human α-mannosidosis (3).
It is of note that when tissues of α-mannosidase-deficient mice were stained for the lysosomal markers cathepsin D and LAMP-1 (data not shown), a cell type-specific increase in immunoreactivity was found for either LAMP-1 or cathepsin D, but not for both antigens.
Neuropathology of α α α α-mannosidase-deficient animals
Vacuolized cells were seen in all brain regions and were most prominent in neurons, yet with regional differences. Brain sections were immunostained for the lysosomal markers LAMP-1 (data not shown) and cathepsin D. In the dorsal isocortex of control mice (Fig. 5A) , only neurons were stained to varying degrees. In α-mannosidase-deficient mice, the number of intensely stained neurons was clearly increased (Fig. 5B ). Glial cells also showed immunoreactivity for cathepsin D (Fig. 5B,  insert) . Neurons of the isocortex and, most prominently, those of layers II/III and V/VI displayed clear vacuoles (data not shown). The L.culinaris lectin revealed storage of mannosecontaining material in neurons of the CA2 and CA3 region of the hippocampal cornu ammonis (Fig. 5D ). This was paralleled by numerous abnormal vacuoles in these neurons as seen in semi-thin sections (data not shown). Neuronal somata did not stain with the lectin in control sections (Fig. 5C ). In the cerebellum, Purkinje and granule neurons displayed lysosomal storage (data not shown). Furthermore, clear vacuoles were observed in some nuclei of the brain stem, e.g. the inferior olive (data not shown). Additionally, abnormal axonal spheroids representing axonal swellings with diameters up to 45 µm, either myelinated or unmyelinated, occurred in the central white matter (see Fig. 5F for the nucleus gracilis). The axoplasm contained an accumulation of polymorphous material (Fig. 5G) . Similar axonal dystrophy was not seen in any of the wild-type controls (Fig. 5E ).
The storage phenotype was also observed in the peripheral nervous system. In peripheral neurons, such as trigeminal, spiral and vestibular ganglia, numerous storage lysosomes were prominent findings (data not shown). Axonal spheroids were seen in pre-terminal portions of sensory trigeminal and vestibular nerve fibres (data not shown).
DISCUSSION
A deficiency of the lysosomal α-mannosidase is the basis of the lysosomal storage disease α-mannosidosis. Mice homozygous for the mutant gene, which express neither specific α-mannosidase mRNA nor α-mannosidase activity, develop a biochemical and morphological phenotype closely resembling that of naturally occurring α-mannosidosis in human, as well as in cat and cattle (20, 21, 24) .
Drastically increased urinary excretion of mannose-containing oligosaccharides, which has served as a diagnostic parameter in human α-mannosidosis (2,3,12) , is a characteristic finding in α-mannosidase-deficient mice. The increase of neutral sugars in most organs as well as the accumulation of oligosaccharides in spleen, kidney, liver, testis and brain are further abnormalities of α-mannosidase-deficient mice. Staining with lectins specific for mannose residues confirmed the presence of mannose-containing oligosaccharides in many different cell types. These cells also displayed a cell type-specific increased immunoreactivity against LAMP-1 and/or cathepsin D, which is a common finding in lysosomal storage disorders (27, 28) . The significance of the increase in immunoreactivity for either LAMP-1 or cathepsin D, but not for both antigens, remains obscure. Similar observations have been made in other animal models with lysosomal storage (27, 29) . Electron microscopic examination of α-mannosidase-deficient tissues confirmed a prominent lysosomal storage in different cells of liver, kidney, spleen, pancreas, testis, eye, thyroid gland, smooth muscle, bone and the central and peripheral nervous systems. The apparently high specificity regarding the vulnerability of cells to the development of lysosomal storage is exemplified in the case of hippocampal pyramidal neurons in which storage is restricted to neurons of certain sectors of the cornu ammonis whereas immediately neighbouring similar cells are not affected at all. Likewise, endothelia display lysosomal storage in, for example, spleen and liver, but not in pancreas and other parenchymal organs. In the light of the ubiquitous occurrence of glycoproteins with mannose-containing N-linked oligosaccharides and the ubiquitous expression of lysosomal α-mannosidase, the highly selective restriction of lysosomal storage to certain cell types within tissues is somewhat unexpected. It points to hitherto unrecognized cell type-dependent differences in glycoprotein catabolism.
While the histological and biochemical results underline the similarities between α-mannosidosis in human and mice, the clinical presentation exhibits some differences. In human, α-mannosidosis is presenting as a disease exhibiting a continuum of symptoms ranging from severe to mild forms. In its most frequent form, the disease becomes overt within the first year of life, mostly associated with psychomotor retardation, lens opacities and signs of dysostosis multiplex leading to, for example, facial coarsening. These clinical symptoms were not observed in α-mannosidase-deficient mice up to the age of 12 months. It therefore appears that the phenotype of murine α-mannosidosis is somewhat attenuated compared with the most frequent form of α-mannosidosis in human in spite of the fact that these mice are homozygous for a null mutation in the α-mannosidase gene. Such attenuation has also been described for other animal models of lysosomal storage diseases (30) (31) (32) (33) . The reason for this phenotypic attenuation could be related to different rates of storage of oligosaccharides between species and occasionally has been shown to be related to the existence of metabolic bypasses (34) . It may be that the phenotype of α-mannosidase-deficient mice will worsen as they become older (presently the oldest animals are 12 months of age) and continue to accumulate storage material. In fact we have observed a progression of the histological findings with age in the α-mannosidosis mice. In spite of the milder clinical phenotype, the lysosomal storage and excretion of mannosecontaining oligosaccharides suggest that murine α-mannosidosis represents a valid mouse model for the human disease.
Although there are also cattle and cat models of α-mannosidosis (20, 24) , which are useful for some purposes, the mouse model has considerable advantages over mannosidosis models in cat and cattle in terms of lifespan, ease of breeding and control of the genetic background of the affected animals. The murine α-mannosidosis model offers the possibility to investigate systematically the pathogenesis of the disease and of therapeutic approaches for lysosomal storage disorders. Mouse models (29, 35, 36) have proven to be extremely valuable for studying the effects of BMT and enzyme replacement. BMT in feline α-mannosidosis has been used successfully to replace α-mannosidase activity also in cells of the central nervous system (21) . In light of this observation, the murine α-mannosidosis model will be used to evaluate the therapeutic effect of α-mannosidase replacement and transplantation of genetically engineered bone marrow stem cells.
MATERIALS AND METHODS
Generation of mice with targeted disruption of α α α α-mannosidase
The isolation of the murine α-mannosidase gene (Man2b) has been described recently (13) .
For construction of a targeting vector, a 4 kbp BamHI DNA fragment was subcloned into pBluescript SK -. This fragment encompasses 1.3 kb of the 5'-flanking region and 2.7 kb of the Man2b gene containing exons 1-4. The neomycin phosphotransferase gene (neo) was inserted in the NheI site, generated by in vitro mutagenesis in exon 2 under the control of the PGK promoter (37) . Insertion of the neo cassette introduces a premature translational stop codon into the open reading frame of the Man2b gene. The target construct, pαM-BamHI(neo) [ Fig.  1A (II) ], was used to disrupt the Man2b gene in ES cells, which were cultured as previously described (38) . G418-resistant clones were screened by Southern analysis of genomic DNA, which was digested with EcoRI and probed with the 5' probe [ Fig. 1A (I and III) ]. Mutated ES cells (EαM-28) were microinjected into blastocysts of C57BL/6J females. The resulting chimeras were used to generate heterozygous and subsequently homozygous mutant offspring of inbred (129SV) and outbred (129SV×C57B6J) genetic background. All subsequent experiments used outbred mice derived from ES cell clone EαM-28. Mice were genotyped for the introduced Man2b gene mutation by analysis of genomic tail DNA using exon 2-specific PCR (primers α-Man2: 5'-gcc agg caa ggg ttc tac cgc ag-3' and α-Man3: 5'-gaa cag acg cgt gtt gaa cat ca-3') or by Southern hybridization of EcoRI-digested tail DNA and hybridization with the 5' probe.
Northern blot analysis
Total RNA from spleen and testis of 4-week-old mice was prepared and RNA (15 µg) separated on a formaldehyde-agarose gel and processed as described previously (39) . Filters were hybridized subsequently with the murine Man2b cDNA probe and then with glyceraldehyde-3-phosphate dehydrogenase (40) .
α α α α-Mannosidase activity assay and ion-exchange chromatography
Tissue homogenates from 16-week-old mice were generated and processed as described (6) . Enzyme activity was deter- mined using the fluorogenic substrate 4-methyl-umbelliferyl-α-D-mannopyranoside as described (6) . As a control, β-mannosidase activities were determined using the fluorogenic substrate 4-methyl-umbelliferyl-β-D-mannopyranoside. pH optima were determined in 0.1 M/0.2 M citric acid/sodium phosphate buffers in the pH range 3.0-7.6. Ion-exchange chromatography of homogenates of α-mannosidase-deficient and control kidneys was performed as described (6) . The resulting fractions were monitored for α-mannosidase activity.
Isolation of neutral oligosaccharides from tissues
Tissues from 8-week-old knockout and control mice were homogenized (20% w/v) and sonicated in distilled water to release any water-soluble material. Proteins and lipids were precipitated by the addition of 4 vol of methanol and chloroform:water (1:3), respectively (41) . The supernatant was passed to the mixed bed resin AG 501-X8 (Bio-Rad, Hercules, CA) to remove charged molecules. The isolated carbohydrates were dried and resuspended in distilled water.
Determination of neutral sugars
The neutral sugar content was determined by a colorimetric assay, using a solution of sulfuric acid and resorcinol, according to the assay described by Monsigny et al. (42) .
α α α α-Mannosidase digestion of oligosacharides
The isolated neutral carbohydrates were resuspended in either distilled water or 100 mM Na acetate, 2 mM ZnCl 2 at pH 5.0 containing 30 U/ml of jack bean α-mannosidase (Sigma, Deisenhofen, Germany) and incubated for 16 h. The samples were desalted, dried, resuspended in distilled water and applied on a thin-layer chromatography plate.
Thin-layer chromatography of neutral sugars and urine
Thin-layer chromatography of equal amounts of urine and neutral oligosaccharides from tissues was carried out on silica gel 60 plates (Merck, Darmstadt, Germany) according to Sewell (43) . Oligosaccharides were separated with two different solvent systems: n-butanol:acetic acid:water (100:50:50, w/v) and n-propanol:nitromethane:water (100:80:60, by volume). The silica gels were stained with 0.2% orcinol in sulfuric acid (20% in water) to detect oligosaccharides.
Histological examinations
For electron microscopy, the animals were perfused via the left ventricle with 6% glutardialdehyde in 0.1 M phosphate buffer using the right atrium and the jugular veins as outlet. Tissue samples were post-fixed with 2% osmium tetroxide, dehydrated and embedded in Araldite. Semi-thin sections were stained with toluidine blue. Ultrathin sections were processed according to standard techniques.
For histochemical investigations, animals were perfused with Bouin's solution diluted 1:4 in phosphate-buffered saline (PBS). After dissection of individual organs and dehydration, embedding was performed in low melting point paraffin (Wolff, Wetzlar, Germany). Serial sections (7 µm) were cut and mounted on glass slides covered with Biobond (British Biocell, London, UK). Central sections of each series were stained with haematoxylin and eosin for standard light microscopy. Adjacent sections were used for immunohistological screening for tissue alterations using a panel of antibodies to glial fibrillary acidic protein (GFAP) (astroglia; Dako, Hamburg, Germany), F4/80 (microglia/macrophages; clone obtained from ATTC, Rockford, IL), vimentin (fibroblastic cells; Sigma) and lectins (all from Vector, Burlingame, CA) of Solanum tuberosum (endothelia), RCA-1 (endothelia and activated macrophages), of P.sativum and of L.culinaris (specific for terminal α-D-mannosyl residues). Correlative sections of all tissues were stained for lysosomal marker antigens cathepsin D (44) and LAMP-1 (DSHB, University of Iowa, IA). Detection of primary antibody binding was performed by the use of biotin-labelled secondary antibodies and either avidinbiotin complexes or tyramide signal amplification.
